Phytophthora capsici is an important oomycete pathogen of Capsicum peppers worldwide. Populations of P. capsici recovered from coastal regions in Peru were previously shown to be dominated by a single clonal lineage referred to as PcPE-1. During 2008, 219 isolates of P. capsici were collected from Capsicum pubescens (Rocoto), C. annum (Pimento), and C. baccatum (Aji) at 9 farms in the Amazonian high jungle in the areas surrounding Oxapampa, and one coastal location, Carabayllo. Two isolates of P. capsici were also recovered from Cyclanthera pedata (Caigua fruit) near one field. All isolates were characterized using a panel of eight single nucleotide polymorphism (SNP) markers that are fixed for heterozygosity in the PcPE-1 lineage. A subset of isolates was also characterized using amplified fragment length polymorphism (AFLP) markers. Nine discreet SNP multi-locus genotypes were identified, and the PcPE-1 lineage was recovered from all of the field sites. Both A1 and A2 mating types were recovered from two sites. The implications of the genotypic diversity and distribution identified in this study are discussed. Figure 1. Map of collection sites surrounding Oxapampa. Sites are numbered 1 through 9. Inset is Peru map, with Oxapampa marked with a black dot.
Introduction
Phytophthora capsici is an important pathogen of vegetable crops such as tomato, pepper, cucumber and squash and more recently snap bean [1] [2] [3] . Infestations of Phytophthora capsici on annual crops typically require warm and wetter than average conditions, and can spread rapidly due to the production of asexually produced deciduous sporangia and motile zoospores [4] . In North America, sexual recombination and the production of the thick walled oospore is common and dormant oospores may persist in the soil for years. For North American populations, the combination of asexual and sexual reproduction affords P. capsici the benefits of both explosive clonal reproduction and the high genetic variation generated by sexual recombination [4] . Characterizing genotypic diversity plays an important role in determining whether the asexual or sexual portion of the Phytophthora life cycle is driving the epidemiology of the pathogen. A number of techniques have been utilized to assess genotypic diversity in Phytophthora (e.g. amplified fragment length polymorphism (AFLP), microsatellite (SSR), and isozyme markers) and more recently, single nucleotide polymorphisms (SNPs) have provided useful markers for characterizing field isolates [5] [6] [7] .
The population structure of P. capsici from fields in the US includes considerable genotypic diversity, along with the presence of both mating types [6, [8] [9] ]. It appears that the winter (or fallow) season imposes an effective selection pressure favoring the oospore for survival of the pathogen. Populations of P. capsici from pepper fields in Peru display a much different genotypic makeup, with only three genotypes documented and a single clonal lineage of the A2 mating type (designated PcPE-1) dominating pepper and tomato fields in coastal Peru [10] . In some cases, cropping in the coastal area of Peru includes pepper production year round as well as irrigation from common river systems. In these areas, the irrigation strategy and the availability of host material may explain the widespread occurrence of PcPE-1, as surface waters have been shown to harbor abundant populations of P. capsici [11] .
Our objective was to determine if epidemic populations of P. capsici from locations further inland across the Andes Mountains and into the Amazon rainforest harbored the PcPE-1 clonal A2 genotype, or if evidence of a more heterogeneous population structure characteristic of North American P. capsici populations could be detected.
Materials and Methods

Collection and Culturing
Isolates were collected from eleven pepper fields in Peru during May 2008. These include nine fields surrounding Oxapampa, Peru, one field in Azucazu, just north of Oxapampa, and one field located on the coast in Carabayllo (Figure 1) . The nine fields surrounding Oxapampa span a total of approximately 200 km 2 , and all fields in total span a distance of 400 km, from Azucazu to Carabayello. Isolates were obtained by plating small sections of infected fruit, crown, or root material of Capsicum spp. on V8-PARP agar medium (40 ml V8 juice, 3 g CaCO 3 , 16 g Bacto agar and 960 ml water amended with 25 ppm pimaricin, 100 ppm ampicillin, 25 ppm rifampicin, and 25 ppm pentachloronitrobenzene). Plates were observed daily and single hyphal tips recovered from expanding colonies. A single isolate was recovered per plant and used in the subsequent analyses.
Mating Type and DNA Extraction
Mating type determination was accomplished using P. capsici A1 and A2 tester isolates (CBS121656 and CBS121657, respectively). Seven millimeter agar discs from the leading edge of colonies of tester and query isolates were plated together onto dilute V8-PARP plates. After 7 to 14 days, the colony intersection was excised, slide mounted and observed microscopically. The presence or absence of oospores was then determined by light microscopy observation at 400X magnification. DNA was produced by 1) growing mycelium in V8 PARP broth for 7 days, 2) lyophilizing the harvested mycelium, and 3) extracting high molecular weight DNA from the pulverized dried mycelium according to the methods outlined previously [12] .
SNP Genotyping Using DNA Melting Analysis
Eight high resolution DNA melting analysis (HR-DMA) assays were optimized to resolve SNP genotypes at loci heterozygous within single genes of the PcPE-1 clonal lineage. The assays were designed to differentiate ho-mozygote and heterozygote alleles. Marker loci were chosen from an expressed sequence tag (EST) library of the P. capsici genome, and these genes were re-sequenced in a PcPE-1 representative isolate (LT2135). A single heterozygous SNP was targeted from each of the eight genes. Primers were designed using the LightScanner primer design software (Idaho Technologies, Salt Lake City, UT) to amplify a 45 -65 bp amplicon that spanned a single heterozygous site (See Table 1 for primer sequences). PCR reactions for DMA consisted of 4 μl Lightscanner Mastermix (Idaho Technologies, Salt Lake City, UT), 1 μl of genomic DNA at 10 to 20 ng/μl, and 1 μl of each primer at 2.5 μM conc. The PCR temperature protocol was as follows: initial denaturation at 95 C for 2 min, then 45 cycles of 95 C for 30 s and 64 C for 30 s, and then a final step of 95 C for 30 s followed by 28 C for 30 s. HR-DMA was performed according to manufacturer's instructions using a 384 well format Lightscanner instrument (Idaho Technologies, Salt Lake City, UT). All assays were repeated to ensure reproducibility. Data analysis and normality parameters were adjusted using LightScanner 2.0 software. DNA sequencing of an isolate representing each of the DMA melt curve types was performed to confirm genotypes. Known isolates of the PcPE-1 clonal lineage were included in all assays to detect the presence of the clonal lineage. 
AFLP Analyses
Amplified Fragment Length Polymorphism (AFLP) analysis was performed using Eco RI, and MseI restriction enzymes, adapters, and polymerase chain reaction (PCR) amplification primers following the method of [13] . Selective PCR amplifications were performed with Eco-CG and Mse-CG primer pairs. Amplicons were fluorescently labeled in separate reactions following the method of [14] , and the resultant fluorescently labeled amplicons were resolved by a Beckman-Coulter CEQ8000 capillary genetic analysis instrument. Fragment peaks were manually confirmed, and peaks between 100 and 600 base pairs in size were manually scored for presence or absence.
Results
A total of 219 isolates were recovered from infected plants at the eleven locations sampled (Figure 1 , Table  2 ). Isolates of A2 mating type were recovered from all fields. Seven percent of the isolates were of the A1 mating type, originating from only two fields ( Table 2 ). The majority of isolates (166) were recovered from rocoto (Figure 2) , with fewer isolates from Aji (37), Pimento (14) , and Caigua (2) ( Table 2 ). The isolates were found to comprise nine genotypes based on the multi-locus SNP genotyping (Tables 3 and 4) . These included the genotypes PcPE-1, PcPE-2, and PcPE-3 previously identified from samples recovered at more coastal locations (e.g. west of the Andes Mountains) [10] (Tables 3, 4) . AFLP fingerprinting resulted in the identification of 50 informative bands. All 48 of the isolates analyzed using AFLP had identical PcPE-1 genotypes and the SNP typing confirmed that all isolates were fixed for heterozygosity at all 8 loci assayed. The PcPE-1 genotype was recovered from all eleven fields, and comprised 75% of all isolates collected, whereas, isolates of the remaining eight additional genotypes each comprised less than 10% of the total isolates ( Table 3 ).
Discussion
Our objective was to determine if the PcPE-1 clonal lineage was also present at sites on the eastern side of the Andes Mountains where peppers (primarily "rocoto", C. pubescens) are often grown on smaller plots. Samples were collected in March of 2008 shortly after the rainy season ended. The plants had mature fruit and the pepper harvest was ongoing. Although isolates of P. capsici were recovered from C. baccatum, C. annum, and what is known as the wild cucumber (Cyclanthera pedata), most of the isolates were recovered from infected fruit of rocoto. The rocoto fruit has a thick waxy cuticle which becomes detached during the infection process, and is referred to as the "pealing pealing" disease in the areas around Oxapampa (Figure 2) . 
a Marker details are listed in Table 1 .
In contrast to some of the areas sampled along the coast (e.g. along the Supe River), none of the sites were irrigated by a common river source. All of the sites were located at relatively steep areas of the cloud forest where the forest and undergrowth had been cut and burned or manually cleared. The farmers indicated that individual rocoto plants had often been productive for up to 5 years prior to an increase of the "pealing pealing" disease over the past 3 to 4 years. The current strategy to combat the disease is to clear new forest every 1 to 2 years due to an increase in the prevalence of the disease. Our results indicate that the PcPE-1 clonal genotype is a prevalent member of the population structure of P. capsici in the areas surrounding Oxapampa. The PcPE-1 lineage was recovered from all of the hosts sampled and was present at every location. Although PcPE-1 is the most frequent, interestingly, we also recovered two clonal lineages of the A1 mating type (PcPE-8 and PcPE-9) which were present at two different locations. Tests are underway to determine the fecundity of crosses between these A1 lineages and the dominant PcPE-1 lineage. Preliminary observations indicate that crosses produce normally formed oospores but recovery of progeny and genotypes has yet to be attempted.
Clearly clonal reproduction is driving population structures in the areas surrounding Oxapampa. Due to the limited number of unique genotypes it is difficult to assess the importance of sexual recombination-although the allelic combinations resolved via the SNP typing indicate that sexual recombination may have played a role in generating at least some of the observed genotypic variation. Similar to some of the coastal areas where pepper is produced, there is susceptible host material (pepper and caigua) throughout the year and there is likely limited selection pressure working against the survival and spread of clonal lineages. How the PcPE-1 lineage has become so widespread is difficult to assess as there is very little genotypic diversity. It may be that a single clonal lineage has been dispersed throughout Peru by the exchange of infected plant material or seed, as is seen with many economically important Phytophthora pathogens, such as P. ramorum, P. infestans, and other oomycete pathogens [15] [16] [17] .
Although the genotypic diversity was higher in this region than the coastal areas, it is still much lower than findings for P. capsici in North America [6, 9, 18] . The PcPE-1 genotype was also isolated from Cyclanthera pedata in the nearby cloud forest of one field, indicating this host may be an important reservoir for P. capsici in the surrounding Amazon. This is not surprising as Phytophthora capsici has also been reported to infect weedy plants such as American black nightshade and Purslane in the US near vegetable farms [19] . The finding of limited genotypic diversity throughout Peru indicates that the strategic deployment of tolerant or resistant pepper germplasm may be effective in reducing the overall significance of this important disease.
